Fluctuations in sea-level rise rates are thought to dominate the formation and evolution of coastal wetlands. Here we demonstrate a contrasting scenario in which land-use-related changes in sediment delivery rates drive the formation of expansive marshland, and vegetation feedbacks maintain their morphology despite recent sediment supply reduction. Stratigraphic analysis and radiocarbon dating in the Plum Island Estuary (Massachusetts, United States) suggest that salt marshes expanded rapidly during the eighteenth and nineteenth centuries due to increased rates of sediment delivery following deforestation associated with European settlement. Numerical modeling coupled with the stratigraphic observations suggests that existing marshland could survive, but not form under the low suspended sediment concentrations observed in the estuary today. These results suggest that many of the expansive marshes that characterize the modern North American coast are metastable relicts of high nineteenth century sediment delivery rates, and that recent observations of degradation may represent a slow return to pre-settlement marsh extent. In contrast to ecosystem management practices in which restoring pre-anthropogenic conditions is seen as a way to increase ecosystem services, our results suggest that widespread efforts to restore valuable coastal wetlands actually prevent some systems from returning to a natural state.
INTRODUCTION
For more than 40 years, fl uctuations in rates of sea-level rise have been thought to control the formation and behavior of coastal marshes. The elevation of a vegetated marsh platform quickly adjusts to the rate of sea-level rise (Redfi eld, 1965) , rates of vertical accretion typically mimic rates of sea-level rise (Friedrichs and Perry, 2001) , and many observations of marsh submergence and channel erosion today are attributed to a historical acceleration in the rate of sea-level rise (e.g., Friedrichs and Perry, 2001; Donnelly et al., 2004) . The age of basal peat from modern high-elevation marshes indicates that initial marsh formation is also tied to the rate of sea-level rise (Redfi eld, 1965) . Marshes became widespread along the North American coast during late Holocene sea-level deceleration ~4 k.y. ago (Redfi eld, 1965; Rampino and Sanders, 1981) . However, our analysis of the sedimentary record, combined with numerical modeling, suggests that sea-level rise rates may not be the dominant factor determining the evolution of some prominent marshes.
Following European settlement, most forestland along the North American coast was cleared for agriculture, which led to rapid and widespread soil erosion. In the southeastern United States, estimates of nineteenth century erosion (~1 mm/yr; Trimble, 1977) exceed long-term estimates of piedmont denudation (0.005 mm/yr; Pavich et al., 1985) by more than two orders of magnitude. Although not all the eroded sediment likely reached the coast (Trimble, 1977) , sedimentation rates in Chesapeake Bay increased by as much as an order of magnitude (Colman and Bratton, 2003; Saenger et al., 2008) . In the northeastern United States, significant land clearance began in the late seventeenth century, the acreage of farms peaked ca. 1850, and mineral sediment input into coastal Massachusetts ponds increased by approximately an order of magnitude (Hall et al., 2002; Parshall et al., 2003) . The watershed of our study area (585 km 2 ), the Plum Island Estuary in Massachusetts, was settled in the 1630s. By 1645, there was enough corn planted to justify grist mills on three of the major rivers (Rowley, Parker, Merrimack), and grist mills and sawmills were common by 1700 (Currier, 1902) . Elsewhere in the region, paleoindicators of initial forest clearance were assigned an age of A.D. 1700 in Cape Cod (Parshall et al., 2003) , and peak clearance was estimated in the adjacent Gulf of Maine at 1785 (Ward et al., 2008) .
METHODS
To determine the stratigraphic history of the Plum Island Estuary, and its response to European land clearance, we collected 14 Vibracores from marshes surrounding the Rowley River in October 2006 (see the GSA Data Repository 1 and Fig. DR1 therein) . Based on sediment characteristics (e.g., the presence of in situ plant rhizome material and organic matter content >10%-15% by mass), we identifi ed the depth within each core that corresponded to the initial formation of salt marsh. We supplemented our estimates of peat thicknesses with those gleaned from 31 early core descriptions taken at Plum Island Estuary (McIntire and Morgan, 1963; McCormick, 1968) (Fig. DR2) .
To determine the timing of marsh formation, we isolated individual rhizome pieces from near the base of the peat in each core to use for radiocarbon dating. We radiocarbon dated 23 samples by accelerator mass spectrometry and calibrated to calendar years at 2σ (Table DR1) . We supplemented our radiocarbon dates from near the peat base with additional dating techniques ( 210 Pb, 137 Cs, and heavy metal pollution horizon inferred from X-ray fl uorescence scans of the cores) from samples collected near the surface of selected cores (Table DR2 ). These alternative dating approaches help discern between multiple calibrated age ranges and provide additional chronologic control, particularly in younger portions of the cores.
In an effort to estimate ages of marsh formation for cores without chronologic information, we compiled the results from all of our dating approaches into a single chronology to establish an age-depth relationship. Because young marshes had substantially higher accretion rates than older marshes (presumably due to their low elevation, the effect of land clearance, incomplete compaction, and/or recent trends in sealevel rise rates), we divided this chronology into two groups based on their age (Fig. DR3) . We selected the appropriate age-depth relationship to use on undated cores based on their proximity to the nearest dated core. Such an approach assumes that thick peat represents relatively old marshes, and introduces error by assuming that portions of the marsh with similar peat thicknesses developed at similar times. However, our goal was only to discern portions of the modern marsh that formed before and after settlement, rather than provide a precise date of formation.
PATTERNS OF MARSH EXPANSION
Our stratigraphic reconstruction of a portion of the Plum Island Estuary suggests that marshes here expanded from ~6 km 2 to 9 km 2 in response to historical land-use change (Fig. 1A) . Both our coring and earlier efforts (McIntire and Morgan, 1963; McCormick, 1968) although a large portion of the study area, covered by marsh today, was identifi ed on an 1830 map as Shad Creek Bay (Anderson, 1830) . Thick sequences of high marsh peat (>5 m) and radiocarbon dates from their base indicate that the fringing marsh has been in place for a few thousand years ( Fig. 1A ; Fig. DR2 ). However, our stratigraphic cross sections and detailed dating of basal peat reveal that the marsh prograded rapidly toward the modern-day Rowley River during the eighteenth and nineteenth centuries (Fig. 1B) , converting subtidal and mudfl at environments into what is now part of the most expansive marshland in New England. Core 16 (Fig. 2) records the vertical response of a mudfl at to an increase in sediment delivery rate associated with European settlement. In the lowest (oldest) section of the core, terrestrially derived element concentrations (K, Ti, Fe) gradually decrease upward in the core, consistent with basin infi lling and a slight decrease in inundation as mudfl ats build elevation relative to sea level (e.g., Zhou et al., 2004) . At a core depth of 150 cm, however, terrestrial element concentrations increase abruptly, despite no grossly discernable change in stratigraphy. Approximate age-depth relationships derived from the dating of multiple cores (see the Data Repository and Fig. DR3 ) suggest that the increase in terrestrial elements began in the early eighteenth century, which we interpret as a signal of landuse change. Organic-rich sediments containing Spartina alternifl ora root material appear at a core depth of 79 cm, indicating the initial development of a marsh. A radiocarbon date on an in situ rhizome at this boundary yields a calibrated 2σ age range of A.D. 1802-1938 (mean = 1870) . Terrestrial element concentrations decrease abruptly at this depth, consistent with a transition to a higher elevation surface that would be fl ooded for shorter periods of time.
Stratigraphic sequences that record progradation of marshes across a subtidal basin have traditionally been interpreted as the result of gradual basin infi lling during periods of slow sea-level rise (Redfi eld, 1965; McCormick, 1968) . However, our dated stratigraphy points to an abrupt period of marsh growth where rates of marsh expansion increased by about an order of magnitude following settlement (~1000 m 2 yr -1 to ~15000 m 2 yr -1
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NUMERICAL MODELING AND DISCUSSION
To further test our hypothesis that increases in sediment supply could drive wetland expansion, we conducted experiments with a previously developed numerical model (e.g., Kirwan and Murray, 2007) , starting with a subtidal basin surrounded by a fringe of marsh occupying higher elevations (Fig. 3) . In these experiments we maintain a constant rate of sea-level rise (1 mm/yr, consistent with late Holocene rates; Donnelly et al., 2004) , but adjust the concentration of suspended sediment present in tidal channels. At low suspended sediment concentrations (~0.001 g/L), both the fringe marsh and unvegetated subtidal surfaces accrete in equilibrium with the rate of sea-level rise, preserving a basin confi guration dominated by open water (Fig. 3A) . At high concentrations (~0.01-0.1 g/L), however, unvegetated surfaces accrete faster than the rate of sea-level rise and build to depths that can support vegetation. Since vegetation tends to reduce erosion and enhance accretion in the model (Kirwan and Murray, 2007) , sparsely vegetated deep surfaces rapidly join the growing marsh platform (Fig. 3B) . Our experiments suggest that a landscape defi ned by an expansive platform and intertwining channel network can replace a landscape dominated by open water in <100 yr if suspended sediment concentrations increase by 1-2 orders of magnitude.
Reservoir construction and reforestation following agricultural abandonment have caused rates of sediment delivery to the coast to decline in developed countries during the twentieth century. Globally, the net effect of humans has been to reduce sediment transport to the coast by 2.3 × 10 9 t yr -1 relative to pre-settlement conditions (Syvitski et al., 2005) . Sediment fl uxes in major North American rivers decreased by ~50% between ca. A.D. 1910 and 1970 (Meade and Trimble, 1974 , and suspended sediment concentrations in a Chesapeake Bay tributary decreased from 1.2 g/L to 0.08 g/L after peak agricultural land use (Pasternack et al., 2001) .
Despite widespread reductions in sediment supply and a near tripling in the rate of sealevel rise (Donnelly et al., 2004) , expansive marshland still characterizes the coast of North America today. Our model experiments offer a potential explanation. Large reductions in sediment supply (0.1 g/L to 0.001 g/L) lead only to subtle differences in the morphology of preexisting marsh in our experiments (Fig. 3C ). While reductions in sediment concentration tend to make the vegetated platform lower relative to sea level and channels more erosive, increased inundation stimulates vegetation growth, which in turn enhances vertical accretion and limits channel erosion. These ecogeomorphic feedbacks tend to preserve the morphology of an existing marsh-channel network system, and allow an expansive marsh to survive under the same conditions (0.001 g/L) in which it could not initially develop.
This raises the possibility that many of the expansive marshes along the coast of North America are a relict feature of nineteenth century land-use change. At Plum Island, for example, expansive marsh persists today under suspended sediment concentrations (~0.001 g/L; Cavatorta et al., 2003; Hopkinson, 2007) that our model experiments predict are too low for marsh formation. Our observations of landuse-driven marsh expansion coupled with modeled resiliency to sediment supply reduction, therefore, suggest that expansive marshes persist today in a metastable equilibrium. If true, marshland that is lost today will not be replaced unless land-use patterns change drastically.
While our model experiments demonstrate resilience to large reductions in sediment supply, fi eld observations of marsh degradation indicate that there are limits to the conditions under which ecogeomorphic feedbacks can allow an expansive marsh to persist. Sediment defi cient marshes are submerging rapidly in the Chesapeake Bay and coastal Louisiana regions, for example, but are surviving in areas with high sediment input (Cahoon et al., 1995; Kearney et al., 2002) . Similarly, marshes along the Yangtze River delta (China) that have grown seaward since the seventh century are now retreating landward due to sediment reduction associated with the Three Gorges Dam (Yang et al., 2005) . Therefore, our observations of land-use-driven marsh expansion complement observations of sediment-driven degradation, and further emphasize the important role that sediment supply plays in marsh evolution.
If some expansive marshes are indeed a relict feature of historical land-use change, could widespread degradation observed today represent a slow return of marshes to their low sediment supply, pre-settlement extent? This transition would involve an enormous loss in ecosystem services, and raises an interesting paradox for managers and policy makers. Our results suggest that expensive wetland restoration may in some cases amount to an attempt to prevent coastal wetlands from returning to their natural state. While this approach maximizes ecosystem services that include storm protection, it strongly contrasts management objectives in other ecosystems (e.g., reintroducing prehistoric fi re regimes to western North American forests).
